This study was designed to evaluate the effect of bacteriophage on macrophage-mediated inflammatory immune responses against intracellular pathogens. The intracellular survival of nonlysogenic, lysogenic Salmonella Typhimurium, and Listeria monocytogenes were evaluated in chicken macrophage HD11 cells treated with Salmonella bacteriophage P22 for 24 h at 37℃. The relative expression of inflammatory mediator-related genes (IL-1β, IL-6, IL-8, IL-10, LITAF, and iNOS) was estimated by using a qPCR. The production of inflammatory factors (IL-1β, IL-6, IL-8, IL-10, TNF-α, and NO) was determined by using ELISA kits. The numbers of invading nonlysogenic S. Typhimurium (ST), lysogenic S. Typhimurium (LY), and L. monocytogenes(LM) in HD11 cells were reduced by 0.90, 0.83, and 1.51 log units, respectively, after 1 h of infection at 37℃. The relative expression levels of inflammatory mediator-encoding genes (IL-8, IL-10, and iNOS) were increased in ST-and LM-infected chicken macrophage HD11 cells treated with P22. The level of NO production was increased to 26.8 μM at LM-infected HD11 cells treated with P22, which corresponded to the reduction of intracellular L. monocytogenes in HD11 cells. The results suggest that the bacteriophage P22 has the potential to reduce the numbers of intracellular pathogens, S. Typhimurium and L. monocytogenes. This study would provide valuable insights into the interaction between bacteriophages and macrophages and help to develop new strategies for enhancing the microbiological safety in poultry.
Introduction
The bacterial infection process is initiated by adhesion required for human-bacterial pathogen interactions and subsequently involved in invasion by mimicking host cellular molecules such as cell surface proteins and site-specific ligands, resulting in host damages (Knodler et al., 2001) . On the other hand, broiler chickens and laying hens can harbor invading pathogens in their guts without clinical symptoms due to their insufficient immune responses (Jeurissen et al., 1998; Shah et al., 2011) . In general, the invading enteric bacterial pathogens pass through the epithelial barrier into macrophages and then colonize the reproductive tracts of chickens and survive against the chicken immune system (Takata et al., 2003; De Buck et al., 2004; Flannagan et al., 2009; Wisner et al., 2011) . Thus, chicken meat, eggs, and egg products can be potential carriers of enteric pathogens to human. Since the 1940s, antibiotics such as bacitracin, chlortetracycline, erythromycin, sulfonamides, quinolones, and penicillin have been used in pre-harvest levels to improve poultry growth and also treat infectious disease (Boothe and Arnold, 2003; Kilonzo-Nthenge et al., 2008) . The overuse and misuse of antibiotics have become a serious public health issue due to the emergence of resistant bacterial pathogens. Recently, the increased prevalence of antibiotic-resistant pathogenic bacteria has led to renewed attention to the use of bacteriophage as a potential antibacterial bioagent (Matsuzaki et al., 2005; Waseh et al., 2010) .
Many studies have reported that bacteriophages are highly specific to target pathogen with no adverse effect on commensal bacteria and eukaryotic host cells and effectively reduce pathogen colonization in chickens (Matsuzaki et al., 2005; Waseh et al., 2010) . However, there is no clear evidence of whether bacteriophages can control intracellular bacterial infections in chickens. Relatively few studies have been conducted to evaluate the interactions between bacte-riophages and chicken macrophages. Macrophages play an important role in host defense system against invading pathogens, including homeostasis process, pathogen recognition, phagocytosis, and inflammation responses, known as phagocytosis (Bliss et al., 2005) . Pathogen-stimulated macrophages produce a series of nitric oxide (NO), reactive oxygen species (ROS), hydrogen peroxide, proinflammatory cytokines (TNF-α, IL-1β, IL-6), chemokines (IL-8), and antiinflammatory cytokines (IL-10) (Bliss et al., 2005; Withanage et al., 2005) . Therefore, it is essential to assess chicken immune responses against bacteriophages for successfully reducing intracellular pathogens within macrophages. The objective of this study was to investigate the effect of bacteriophage on immune responses in pathogen-infected chicken macrophage HD11 cells at the transcriptional and translational levels of inflammatory mediators (IL-1β, IL-6, IL-8, IL-10, LITAF, iNOS, TNF-α, and NO).
Materials and Methods

Bacterial Strains and Culture Conditions
Strains of nonlysogenic Salmonella enterica serovar Typhimurium ATCC 19585, lysogenic S. Typhimurium carrying P22 prophage ATCC 23555, and Listeria monocytogenes were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). The strains were cultured in Luria-Bertani (LB) broth (BD, Becton, Dickinson and Co., Sparks, MD, USA) at 37℃ for 20 h and harvested by centrifugation at 3,000×g for 20 min at 4℃.
Cell Lines and Culture Conditions
Chicken macrophage-like HD11 cells were kindly provided by Dr. Uma S. Babu at the Immunobiology Branch, Food and Drug Administration (Laurel, Md.). The cells were cultured at 37℃ under CO 2 in Dulbecco's Modified Eagle Medium (DMEM; HyClone Laboratories Inc., Logan, Utah) supplemented with 2 mM L -glutamine, 10% heat-inactivated chicken serum (Sigma-Aldrich, St. Louis, Mo.), 100 U/ml of penicillin, and 100 U/ml of streptomycin. The HD11 cells were seeded at 2×10 6 cells/ml into a 25 cm 2 T-flask (BD Falcon, Franklin Lakes, NJ, USA) and cultured at 37℃ up to more than 85% confluence. The postconfluent cultures were washed two times with PBS buffer and adapted to serumfree DMEM for 1 h prior to bacterial infection.
Bacteriophage Culture
Bacteriophage P22 ATCC 97540 was propagated in LB containing host S. Typhimurium at 37℃ for 24 h. The culture was centrifuged at 3, 000×g for 20 min and filtered through a 0.2-μm sterilized filter. The bacteriophages were further purified according to the polyethylene glycol (PEG) precipitation and cesium chloride gradient ultracentrifugation followed by dialysis (Green and Sambrook, 2012) . The lytic phages were enumerated by a soft-agar overlay method (Bielke et al., 2007) . In brief, the collected phage culture was serially (1:10) diluted with PBS buffer, gently mixed with the host cells in 0.5% LB soft-agar, and then poured onto the surface of pre-warmed base agar. After 24 h of incubation at 37℃, clear spots were counted to quantify free lytic phages expressed as plaque-forming unit (pfu).
Infection Assay
The HD11 cells grown on 25 cm 2 T-flask were infected with approximately 10 5 cfu/cm 2 of nonlysogenic, lysogenic S. Typhimurium, or L. monocytogenes in antibiotic-and serum-free DMEM, incubated at 37℃ for 1 h, rinsed two times with PBS buffer, and then treated with 100 μg/ml of gentamicin at 37℃ for 1 h to remove cell surface-attached bacteria. The infected HD11 cells were further incubated with or without 10 7 pfu/ml of bacteriophage P22 at 37℃ for 24 h. After 0 and 24 h of incubation, cell lysates and supernatants were collected for further analyses.
Enumeration of Intracellular Bacteria
The infected HD11 cell monolayers were lysed with 10 ml of 0.1% Triton X-100 for 15 min at 37℃. The lysates were centrifuged at 3,000×g for 10 min, resuspended in 1 ml of PBS buffer, and were serially (1:10) diluted with PBS buffer. Proper dilutions were plated on LB agar and incubated for 24 to 48 h at 37℃ to enumerate intracellular bacterial cells.
RNA Extraction and cDNA Synthesis
The infected HD11 cell monolayers were rinsed with 2 ml of ice-cold PBS and lysed directly in 25 cm 2 T-flask with 1 ml of TRIzol reagent (Life Technologies Co. Carlsbad, CA, USA). The cell lysates were collected using a cell scrapper, mixed vigorously with 200 μl of chloroform, and incubated for 3 min at 25℃. After centrifugation at 12,000×g for 15 min at 4℃, the upper aqueous phase (500 μl) was transferred to a fresh tube, mixed gently with 500 μl of isopropanol, allowed to stand for 10 min at 25℃, and then centrifuged at 12,000×g for 10 min at 4℃. The gel-like RNA pellet was washed with 1 ml of 75% ethanol, centrifuged 7,000×g for 5 min at 4℃, and air-dried for 10 min to remove remaining ethanol. The RNA extract was dissolved in 20 ml of prewarmed RNase-free water at 40℃ and quantified using a NanoDrop spectrophotometer (Thermo Scientific Inc.). According to the RTS DNase kit protocol (MO BOI Laboratories, Inc., Carlsbad, CA, USA), the extracted RNA (1 μg) was mixed with 1 μl of RTS DNase and 5 μl of DNase buffer and incubated at 37℃ for 20 min to remove genomic DNA. The synthesis of cDNA was performed according to the qScript cDNA SuperMix procesude (Quanta Biosciences, Gaithersburg, MD, USA). The extracted RNA (1 μg) was mixed with qScript cDNA SuperMix containing optimized concentrations of MgCl 2 , deoxyribonucleotide triphosphates (dNTPs), qScript reverse transcriptase, and RNase inhibitor protein. The reaction mixture was incubated subsequently at 25℃ for 5 min, 42℃ for 30 min, and 85℃ for 5 min.
Quantitative RT-PCR Amplification
The PCR mixture (20 μl reaction volume) containing 10 μl of PerfeCTa SYBR Green FastMix, 2 μl of each primer (100 nM), 2 μl of cDNA (10 ng), and 4 μl of RNase-free water was amplified using an Eco Real-Time PCR system (Illumine, San Diego, CA, USA). The custom-synthesized oligonucleotide primers using Erofins MWG Operon (Huntsville, AL, USA) were shown in Table 1 . The PCR mixture was denatured at 95℃ for 30 sec, followed by 40 cycles of 95℃ for 5 sec, 55℃ for 15 sec, and 72℃ for 10 sec. The melt curves were analyzed after amplification by 0.3℃ increments from Ahn et al.: Inflammatory Gene Expression in Chicken Macrophage 97 55℃ to 95℃. The relative transcription levels of target genes were estimated by the comparative fold change method (Livak and Schmittgen, 2001 ). The C T values of target genes in treated HD11 cells were compared to those in untreated HD11 cells and normalized to the reference gene (GAPDH). The HD11 cells untreated with bacteria and bacteriophages (calibrator) were cultured in DEMEM at 37℃ for 24 h.
Measurement of Inflammatory Mediators
The macrophage-activating factors (IL-1β, IL-6, IL-8, IL-10, and TNF-α) in the culture supernatants were determined using a Chicken ELISA Kits (BioGnosis; Hailsham, East Sussex, UK) according to the manufacturer's instructions. Antibody specific for each macrophage-activating factor was pre-coated onto 96 well plates. The assays were conducted by using the quantitative sandwich immunoassay techniques (IL-6) and the competitive inhibition enzyme immunoassay technique (IL-1β, IL-8, IL-10, and TNF-α), showing high specificity of ELISA reactions with no significant interference. The supernatants (100 μl each) were added to antibody-precoated 96 well plates, incubated at 37℃ for 1 h, rinsed two times with washing buffer, and then reacted with 90 μl of substrates. The reactions were terminated by adding 50 μl of stop solutions. The absorbance was measured at 450 nm and corrected at 570 nm using a Multiskan microplate reader (Thermo Fisher Scientific Inc.; Fair Lawn, NJ, USA). Standard curves were prepared at various concentrations of IL-1β (1-50 pg/ml), IL-6 (15.6-250 pg/ml), IL-8 (1.56-100 pg/ml), IL-10 (1-50 pg/ml), and TNF-α (0.27-200 pg/ml), treated as described for the samples.
Quantification of NO Production
NO production was determined by microplate assay (Green et al., 1982) using a Griess Reagent Kit (Biotium, Hayward, CA, USA). The cell culture supernatants (150 μl each) were mixed with 20 μl of Griess reagent containing 0.05% N-(1-naphthyl)ethylenediamine dihydrochloride, 0.5 % sulfanilic acid, and 2.5% phosphoric acid. The mixtures were filled with 130 μl of deionized water and then allowed to stand for 30 min at 25℃. The absorbance was measured at 540 nm using a Multiskan microplate reader (Thermo Fisher Scientific Inc.). A standard curve was prepared at 0, 1. 51, 3.13, 6.25, 12.5, 25 , and 50 μM of nitrite standard solution (1 mM sodium nitrite) as described above.
Statistical Analysis
Data were analyzed using the Statistical Analysis System software. The general linear model and least significant difference (LSD) procedures were used to evaluate the treatments. Significant mean differences were calculated by Fisher's LSD at P＜0.05.
Results
Invasion Ability and Intracellular Survival of Selected Pathogens in HD11 Cells Treated with Bacteriophage P22
The invasion and survival properties of nonlysogenic S. Typhimurium, lysogenic S. Typhimurium, and L. monocytogenes in HD11 cells were evaluated in the absence and presence of bacteriophage P22 (Fig. 1) . All three bacterial strains invaded HD11 cells at similar levels after 1 h of infection at 37℃. The infection numbers of nonlysogenic S. Typhimurium, lysogenic S. Typhimurium, and L. monocytogenes were 5.2, 5.0, and 5.1 log cfu/cm 2 , which were invaded HD11 cells up to 3.0, 2.7, and 2.9 log cfu/cm 2 , respectively, after 1 h of infection period at 37℃. The numbers of intracellular nonlysogenic S. Typhimurium, lysogenic S. Typhimurium, and L. monocytogenes were significantly decreased to 2.1, 1.9, and 1.4 log cfu/cm 2 , respectively, in HD 11 cells incubated with P22 for 24 h at 37℃. In this study, the low level of bacterial infection was used to reduce possible cell damage to HD11 monolayer. There was no observable damage in the infected HD11 cells (data not shown). The numbers of intracellular nonlysogenic S. Typhimurium, lysogenic S. Typhimurium, and L. monocytogenes were not attributed to the HD11 cell death as confirmed by a trypan blue exclusion assay. 
Differential Gene Expression of Inflammatory Mediators in Pathogen-infected HD11 Cells Exposed to Bacteriophage P22
The relative expression of interleukin-1β (IL-1β), IL-6, IL-8, IL-10, LPS-induced tumor necrosis alpha factor (LITAF), and inducible nitric oxide synthase (iNOS) mRNAs was estimated in the pathogen-infected HD11 cells cultured in the absence and presence of P22 (Fig. 2) . The relative levels of IL-1β expression were increased in non-infected (control), nonlysogenic S. Typhimurium (ST) -infected, lysogenic S. Typhimurium (LY)-infected, and L. monocytogenes (LM)-infected HD11 cells treated with and without P22 (Fig. 2A) . The expression levels of IL-1β were observed at the ST (8.5-fold) and LY (8.7-fold) in the absence of P22, followed by LM (4. 7-fold), while those were increased by 13.9-fold, 12.0-fold, and 10.1-fold, respectively, at the control, ST, and LY in the presence of P22. As shown in Fig. 2B , the relative expression of IL-6 was reduced by less than 1.0-fold at all treatments. The relative expression levels of IL-8 were decreased at all treated DH11 cells treated without P22 (＜1.0-fold), while those were significantly increased at the control, ST, and LM treated with P22 (Fig. 2C) . The relative expression levels of IL-10 were significantly increased by 5.0-fold, 6.1-fold, and 5.8-fold, respectively, at the ST, LY, and LM treated without P22 when compared to the control (2.3-fold) (Fig. 2D) . The IL-10 was highly overexpressed at the LM treated with P22 (26.7-fold). The relative expression levels of LITAF were significantly increased by 1.6-fold and 2.4-fold at the LM, respectively, in the absence and presence of P22 (Fig. 2E) . Compared to the absence of P22, the relative expression levels of iNOS were significantly increased by 2.2-fold, 4.8-fold, 6.0-fold, and 8.5-fold, respectively, at the control, ST, LY, and LM treated with P22 (Fig. 2F) .
Release of Inflammatory Mediators from Pathogen-infected HD11 Cells Exposed to Bacteriophage P22
The amounts of IL-1β, IL-6, IL-8, and NO was determined in the supernatants from the control, ST, LY, and LM treated with and without P22 for 24 h at 37℃ (Fig. 3) . IL-10 and TNF-α were not detected in all treatments after 24 h of incubation at 37℃, showing below 0.27 and 1.0 pg/ml of the detection limits, respectively (data not shown). The levels of IL-1β produced in the supernatants of ST treated without P22, ST treated with P22, and LM treated with P22 were 1.5, 1.8, and 1.2 pg/ml, respectively, which were not significantly different from the spontaneous amount secreted from the control (1.4 pg/ml) (Fig. 3A) . The amounts of IL-6 production at the control and LM were significantly decreased from 28.0 pg/ml in the absence of P22 to 17.7 pg/ml in the presence of P22 and from 20.3 pg/ml to below the detection limit (＜15.6 pg/ml), respectively (Fig. 3B) . No detectable levels of IL-6 were observed at the ST cultured with and without P22. The IL-6 production at LY was not significantly dif- Ahn et al.: Inflammatory Gene Expression in Chicken Macrophage ferent between the absence and presence of P22, ranging from 17 to 20 pg/ml. No considerable changes in the IL-8 production were observed at ST and LY (5 to 10 pg/ml) when compared to the spontaneous IL-8 production (6.9 pg/ml), with the exception of LM treated with P22 (12.9 pg/ml) (Fig.  3C) . The highest NO production was observed at the LY treated without and with P22, showing 33.2 and 41.5 μM, respectively (Fig. 3D) . The level of NO production was significantly increased to 26.8 μM in the presence of P22.
Discussion
This study describes the potential role of bacteriophages in production of inflammatory mediators in pathogen-infected HD11 cells. HD11 cells, a macrophage-like chicken cell line transformed from myelocytomatosis virus (MC29), have been extensively used as a model system for chicken macrophage. The possibility of using bacteriophage was evaluated as based on the reduction in the numbers of intracellular pathogens in association with the transcriptional and translational expression of inflammatory mediators in HD11 cells. Nonlysogenic S. Typhimurium, lysogenic S. Typhimurium, and L. monocytogenes used in this study represent bacteriophage P22-specific, P22-lysogenic, and non-specific strains, respectively.
No noticeable changes in the numbers of intracellular nonlysogenic and lysogenic S. Typhimurium were observed in HD11 cells incubated without P22 for 24 h at 37℃, while the number of intracellular L. monocytogenes was significantly reduced by more than1 log unit in HD11 cells incubated without P22 after 24 h of incubation (Fig. 1) . This observation indicates that intracellular nonlysogenic and lysogenic S. Typhimurium are more resistant to host defense Ahn et al.: Inflammatory Gene Expression in Chicken Macrophage system than L. monocytogenes (He et al., 2012) . Salmonella species are known as intracellular parasites of macrophages, involving the pathogenesis of chronic diseases (Hsu, 1989) . The infection through Salmonella Pathogenicity Island 1 (SPI-1)-mediated invasion and SPI-2-mediated survival systems can cause serious problems with elimination of intracellular Salmonella that is likely to modulate host cellular immune system and be prevented from antibiotic treatments (Babu et al., 2012; Vikram et al., 2012) . The decreased intracellular survival of infected bacteria within HD11 cells treated with P22 indicates that bacteriophage can stimulate phagocytosis-associated cell responses (Kurzępa et al., 2009) .
The levels of inflammation mediator-associated mRNA expression varied depending on the type of infected bacteria and the presence of bacteriophages in HD11 cells. No significant difference in the relative IL-1β expression was observed between the absence and the presence of P22, with only the exception of the control (Fig. 2) . The production of IL-1β is stimulated by bacterial infection, TNF-α, and IL-1β itself and primarily initiates innate immune responses (Sevimli et al., 2008; Lee et al., 2010) . In this study, the expression of IL-1β mRNA was up-regulated by P22, which may affect the reduction of invading pathogens in HD11 cells after 24 h of incubation at 37℃. This result suggests that bacteriophage has a protective effect against intracellular pathogens. IL-6 acts as bi-directional immune regulator, including pro-inflammatory and anti-inflammatory activities (Lee et al., 2010) . The IL-6 expression levels were decreased to less than 1, indicating that the transcripts of antiinflammatory cytokines might be down-regulated for an extended infection period (St. Paul et al., 2012) . The highest expression level of IL-8 was 3.0-fold at the ST treated with P22. The expression of IL-8 depends on SPI-1 type III secretion systems (TTSS) during the infection process (Zhang et al., 2003) . Thus, the enhanced expression of IL-8 in this study was mainly due to bacteriophage treatment. The overexpressed IL-10 as an immunoregulatory cytokine might down-regulate the expression of TNF-α, IL-6, and IL-8 in the infected HD11 cells (Platzer et al., 1995; He et al., 2011) . The LITAF expression levels were not significantly different between the absence and presence of P22. The expression of LITAF activates TNF-α production in infected macrophages (Hong et al., 2006; Lee et al., 2009) . The expression of iNOS was directly correlated with the production of NO, leading to a significant reduction in the numbers of intracellular pathogens (DeLeo et al., 1999) .
The production of IL-10 and TNF-α were less than detection limits in this study. This suggests that TNF-α initiates innate immune responses, controls the SPI effector proteins, and up-regulates the expression of IL-10 (Platzer et al., 1995; Chausse et al., 2011) . The levels of IL-1β and IL-6 produced by HD11 cells varied with pathogen infected and bacteriophage treated (Fig. 3) . This indicates that the production of IL-6 was not directly associated with bacterial infection (Lee et al., 2010) . The increased NO production corresponded to the reduction of intracellular nonlysogenic, lysogenic S. Typhimurium, and L. monocytogenes. This confirms that the NO production was related to the enhanced antimicrobial activity of macrophage (DeLeo et al., 1999; Withanage et al., 2005) . The inflammatory mediator-encoding genes were overexpressed by bacteriophages in chicken macrophage HD11 at the control (IL-1β), the control, ST, and LM (IL-8 and IL-10), and all treatments (iNOS), which were not directly involved in the inflammatory mediator production, with only exception of NO. The increased expression levels of iNOS mRNA were consistent with the production of NO. This confirms previous report that HD11 cells exposed to microbial agonists produced high amounts of NO in association with the expression of iNOS (He et al., 2011) . The increased transcripts of pro-inflammatory cytokines (IL-1β and IL-6) and chemokines can contribute to the induction of innate immunity, leading to protection from bacterial infections (Han et al., 2010) . Since the intracellular pathogens can survive and replicate within macrophage by avoiding the host immune mechanisms, bacteriophages can be used as a potential immunemodulator by triggering protective immunity (Lee et al., 2010) . The inflammatory mediators interact in complex system to regulate protective immune responses in terms of stimulation and suppression (Ciraci et al., 2010; He et al., 2011) .
In conclusion, the application of bacteriophage is a potentially new approach for controlling invading pathogens in chicken macrophage HD11 cells. This study found that 1) bacteriophage P22 effectively reduced the numbers of intracellular S. Typhimurium and L. monocytogenes in HD11 cells, 2) the expression levels of inflammation mediators (IL-1β, IL-6, IL-8, IL-10, LITAF, and iNOS) varied depending on the presence of bacteriophage, and 3) bacteriophage P22 affected the release of inflammatory factors, IL-1β, IL-6, IL-8, and NO, in HD11 cells. This approach can improve the macrophage-mediated immunity in broiler chicken and laying hen. However, the transcripts of inflammatory mediator-related genes did not correlated with the expression of inflammatory mediator-related proteins. Therefore, further studies are needed to elucidate the interaction between bacteriophages and macrophages at the cellular and molecular levels and also to develop carriers for targeted phage delivery and controlled release system of bacteriophage.
